The initiation of X-chromosome inactivation in female mammals is controlled by a key locus, the X-inactivation centre (Xic). The Xist gene, which maps to the candidate region for Xic and is expressed exclusively from the inactive X chromosome, is thought to be an essential component of the Xic. To test whether sequences spanning several hundred kilobases and including Xist from the Xic region are capable of initiating inactivation, we have created a series of transgenic mice using a 460 kb yeast artificial chromosome (YAC). Analysis in these mice of the expression of Xist, of a LacZ reporter gene and of two genes in the region that are normally silent on the inactive X chromosome, suggests that essential sequences for Xist expression and X-inactivation may be absent in these transgenic animals.
INTRODUCTION
Mammalian X-chromosome inactivation is the process by which one of the two X chromosomes in female somatic cells is transcriptionally silenced, resulting in dosage compensation for X-linked gene products between males and females (1) . Evidence that a unique site on the X chromosome, the X-inactivation centre (Xic), is required to initiate inactivation in cis which then spreads along the length of the X chromosome (∼150 Mb), comes from studies of chromosomal rearrangements, such as translocations in which the X chromosome is divided and only one of the two resulting segments is able to undergo inactivation (2, 3) .
Based on studies of such abnormal X chromosomes in man and mouse, the candidate region for the Xic has been progressively narrowed down and currently spans 680-1200 kb within band Xq13 in man (4) . The murine Xic region, located in the distal part of band XD, is much less well defined, although the overall conservation of the order of markers in this part of the X chromosome allows extrapolation of the more detailed mapping available in the human to the mouse (5) . In the mouse a further locus, known as the X chromosome-controlling element (Xce), has been mapped genetically to a similar part of the X chromosome as the Xic (6) . The Xce locus appears to affect the random nature of X-inactivation such that in females heterozygous for different alleles of Xce, one X chromosome is more likely to be inactivated than the other (7) . The position of Xce and its apparent influence on the X-inactivation process have led to suggestions that Xic and Xce may be synonymous.
The Xist gene, which lies within the Xic region in man and mouse, has the unique property of being expressed exclusively from the inactive X chromosome (Xi) (8) (9) (10) . Expression of Xist is tightly correlated with the presence of an inactive X chromosome, not only in adult somatic cells but also in the testis, the only male organ in which X-inactivation has been described (11, 12) . Recent data suggests, however, that Xist expression in somatic cells may not actually be required for maintenance of the inactive state (13, 14) . Overall, the evidence supports a role for Xist in the initiation of X-inactivation (15, 16) and the recent generation of a targeted deletion of the Xist gene has confirmed its importance in effecting the onset of X-inactivation (17) . The Xist transcript appears to be non-coding in both man and mouse. This has led to speculation that it may act as a functional RNA (18) or, alternatively, that the active transcription of the region containing Xist may be important for X-inactivation by causing a conformational change in the chromatin that would then spread to the rest of the X chromosome, resulting in X-inactivation (19) . As might be expected for a gene involved in the initiation of X-inactivation, Xist expression in cis precedes X-inactivation during early mouse development (15) . However, the actual onset of Xist transcription at the 4-cell stage (16) precedes the onset of overt X-inactivation in the trophectoderm of blastocysts by 1-2 days. This suggests that Xist expression may not in itself be sufficient to effect X-inactivation and that other factors may be required.
Most theories concerning the initiation of X-inactivation evoke the need for a mechanism that senses the number of X chromosomes in a cell, such that only a single X chromosome remains active for every two sets of autosomes. The Xic is most probably involved in this 'counting' mechanism which might be mediated by a 'blocking' signal that is produced in limited quantity and binds to the Xic of a single X chromosome per diploid cell, protecting it from inactivation. Some form of developmental cue is also necessary, triggering the inactivation process which then spreads along the length of the X chromosome (20) . The initiation of X-inactivation thus seems likely to involve complex interactions between multiple factors.
In addition to Xist, two new genes, Cdx4 (21) and Bpx (22) as well as an element (DXPas34) whose methylation status correlates with the Xce allele carried by the active X chromosome (23) , have recently been identified in the Xic region, lying distal and 3′ to Xist. Furthermore, genetic mapping of the Xce locus with informative microsatellite markers flanking Xist has shown that although Xce and Xist are tightly linked, they are separable genetic loci with Xce probably lying 3′ and telomeric to Xist (24) . The possibility that other sequences in the Xic region, in addition to Xist, may have a role in X-inactivation must therefore be considered. One could imagine that the Xic might be constituted of a number of diverse genetic elements (including Xist and Xce), that are distributed across a region of the X chromosome and must act in concert in order for X-inactivation to be successfully initiated.
We have set out to test whether a 460 kb region, which includes the Xist gene as well as two genes that are normally silent on the inactive X chromosome (Cdx4 and Bpx), is capable of initiating the X-inactivation process in vivo, away from its normal chromosomal context. A yeast artificial chromosome (YAC) covering this region was used to generate transgenic mice via pronuclear microinjection. None of the four animals carrying Xist showed significant expression of the transgene. In one line, in which the YAC was integrated as a single intact copy, expression was found from both the Cdx4 and Bpx transgenes as well as from a LacZ reporter gene linked to the YAC, implying that the transgenic region was indeed in an 'active' rather than an 'inactive' state. These data suggest that essential sequences for X-inactivation and Xist expression are lacking in these transgenic animals and that the chromosomal domain necessary to bring about successful X-inactivation in a different chromosomal context is not intact.
RESULTS

Generation of YAC PA-2 transgenic mice
The 460 kb YAC (PA-2) (25) used in this study contains sequences 130 kb 5′ and 310 kb 3′ to the Xist gene and includes the recently characterised Cdx4 (21) and Bpx (22) genes, that are located ∼100 and 300 kb 3′ to Xist respectively (see Fig. 1 ). The YAC was modified by homologous recombination in yeast to introduce a LacZ reporter gene into the left vector arm as a visual marker for inactivation.
For the generation of transgenic mice, pronuclear microinjection of purified YAC DNA was carried out and 513 fertilized oocytes were reimplanted (see Materials and Methods). The presence of YAC-derived sequences in the 90 founder mice obtained was initially assessed by PCR on tail DNA using LacZ primers as well as three polymorphic microsatellites, DXPas28, DXPas29 and DXPas31 (24) . Nine animals (10%) were found to contain at least one of these markers. At least five of these (15, 48, 53, 55 and 80) carried Xist, as judged by Southern blot analysis (data not shown) and single-stranded conformational polymorphism (SSCP) analysis where polymorphism permitted (in 15, 53, 55 and 80, see Table 1 ). Five of the nine initial animals transmitted transgenic sequences to their offspring (see Table 1 ) and in two cases (lines 53 and 80) these included Xist. Two animals, male 55 and female 48, were sterile, whilst animal 15 was highly mosaic, transmitting only some of his transgenic sequences (DXPas29). 
Assessment of transgene integrity and copy number
The transgenes in lines 53 and 80 were studied in particular detail as they contained all or most of the original YAC markers and transmitted them together to F1 mice, indicating linkage and the likely integrity of the transgenic sequences. Fluorescence in situ hybridisation (FISH) on metaphase chromosome spreads confirmed a single, autosomal integration site for YAC PA-2 sequences in each of these lines (Fig. 2) .
As the aim of our study was to determine whether the YAC PA-2 insert is capable of X-inactivation in a transgenic context, it was important for the interpretation of the functional analysis of lines 53 and 80 to assess, as far as possible, the structural integrity of the transgenic sequences by pulsed field gel electrophoresis (PFGE). The availability of a detailed map of the X-chromosome region in which YAC PA-2 lies (25) facilitated the analysis of a murine YAC on a murine background. The enzymes and probes used and the deduced structures of the two transgenes are shown in Figure 3a . Restriction fragments internal to the YAC insert in line 53 were shown to be intact, as exemplified by the 220 kb Xist-containing BssHII fragment detected by probes b and c ( Fig. 3b ) and the 200 kb DXPas19-containing SalI fragment detected by probe d (data not shown). Linkage and absence of rearrangements of the YAC sequences was also demonstrated by the co-localisation of probes on single large fragments generated by enzymes that cut rarely within the YAC insert. For example, in line 53 probes a, b, c and d detect a common 300 kb EagI fragment, and probes e, f and g detect common 200 and 450 kb EagI fragments (the latter being a partial digestion product). All of the probes in line 53 detect a common NotI fragment of ∼2 Mb (Fig. 3c ). While such data indicated the integrity of the YAC in line 53, a partial duplication of the region adjacent to the insertion point of the left YAC arm was revealed by additional NotI bands detected by probes close to this end of the YAC (probes e, f and g). The duplication appears to be inverted and to span ∼100 kb, as illustrated in Figure 3a (data not shown).
Taken together, the PFGE data indicate that line 53 contains a single intact copy of YAC PA-2, linked to a limited duplication of the region adjacent to and including the left YAC arm. A similar analysis of line 80 suggested the presence of a 180-290 kb fragment of YAC PA-2 including Xist (Fig. 3 ). For example (Fig.  3b) , probes b and c detect a common 500 kb BssHII band, while the rest of the YAC (DXPas19 onwards) appears to be absent. The main part of the transgene appears to be intact, as demonstrated by a NotI fragment of ∼600 kb detected by the three probes a, b and c, as well as a common SalI band of 400 kb (data not shown) although a small duplication involving the right YAC arm seems to be present at one end of the transgene insertion.
Finally, a number of BssHII and SalI sites that have previously been mapped in YAC PA-2 yeast DNA are known to be normally fully methylated and uncut in mouse DNA (25) . The PFGE analysis of male and female DNA of lines 53 and 80 using these enzymes demonstrated that these sites, like their endogenous sequences, are fully methylated within the transgene (data not shown).
Standard Southern analysis of EcoRI-digested spleen DNA of F1 animals from lines 53 and 80 was performed to confirm the copy number and integrity of the transgenic sequences. None of the probes present within the YAC insert (see Fig. 3a ) detected any obvious sequence rearrangements, and markers such as Xist and DXPas34 were found, by comparative quantitation with mouse genomic probes not present within the YAC, to be present as single copies in both lines (data not shown). In the case of line 53, the right YAC arm probe (a) detects only one EcoRI fragment indicating a single copy (Fig. 1b) and confirming the PFGE data. The left YAC arm probe detects the expected 14.8 kb EcoRI fragment (internal to the YAC arm, see Fig. 1a ) and an extra band of 6.5 kb, which represents the junction of the transgene with flanking DNA (Fig. 1b) . Comparison of band intensities using this probe and LacZ (probe g) in other transgenic lines (e.g. 40 and 41) confirmed the presence of two copies of the left YAC arm in line 53 (data not shown), as predicted by the PFGE data. A junction fragment of unique size but present in two copies suggests that a duplication of this end of the YAC must have occurred after formation of the end junction. In line 80, the right YAC arm probe (a) detects two single copy EcoRI bands (Fig. 1b) , confirming the presence of a small duplication of this part of the YAC as predicted by PFGE analysis.
Xist transgene expression
The expression of Xist from an X chromosome in somatic cells is thought to reflect the inactive status of that chromosome.
Normal XY males thus exhibit negligible levels of Xist expression. We investigated Xist expression in F1 males of lines 53 and 80 and in non-transgenic littermates, using reverse-transcription (RT) PCR analysis. No Xist transcripts were detected in line 53 males, whilst very low and tissue-variable levels of Xist expression were found in line 80 (Fig. 4a) . Two male founders, 15 and 55 (non-transmitting, see Table 1 ), that carry a Xist transgene were also tested and similarly revealed very low or negligible levels of Xist expression (data not shown). Semiquantitative RT-PCR and PhosphorImager analysis on line 80 males demonstrated that the highest levels of Xist expression, seen in liver cells, correspond to only 1% of endogenous Xist expression in females. Similar levels were found in founder animal 15. To determine the origin of such expression, SSCP analysis was performed (Fig. 4b) . This permits transcripts derived from the YAC (C3H/ (Fig. 4b) . Finally, animals homozygous for the line 53 transgene were assessed for transgenic Xist expression but none was detected (Fig. 4a) . Males homozygous for the line 80 transgene showed a 2-fold increase in the low levels of Xist expression over hemizygotes (data not shown).
Undermethylation of various CpG sites in the Xist 5′ and promoter regions has been shown to correlate closely with Xist activity (26, 27) . One such site (SacII) was examined in spleen DNA of line 53 and 80 males and found to be hypermethylated, consistent with the absence of Xist transgene expression (Fig. 4c ).
Cdx4 and Bpx expression in transgenic line 53
The expression of two other genes within the YAC, Cdx4 and Bpx, was investigated in line 53. Cdx4 is expressed in the liver of adult Transgenic animals and the male (B6/SJL) control were selected for the presence of an SJL-derived haplotype on their X chromosomes by typing with DXPas29 and DXPas31 (Fig. 1 ). Reactions performed with or without RT are shown as + and -. (c) Methylation analysis of the 5′ end of Xist in males and females of lines 53 and 80. Southern analysis of EcoRI-SalI-digested spleen DNA was performed using a 1.1 kb probe (hatched box) derived from Xist (nt 26-1104) (45) . This detects a 4.3 kb EcoRI fragment containing a SacII site located immediately upstream of the 5′ end of Xist which is known to be methylated only on the active X chromosome (26) .
at Pennsylvania State University on February 23, 2013 http://hmg.oxfordjournals.org/ Downloaded from mice at low levels (21) , and Bpx is highly expressed in the brain (22) . Both of these genes are normally subject to X-inactivation in female cells and their transcriptional status on the YAC transgene could therefore provide an indication of the active or inactive status of the transgenic region.
In order to enable distinction of transgenic and endogenous Cdx4 and Bpx transcripts, the line 53 transgene was bred into animals whose X chromosomes are derived from a congenic mouse strain (129.Pgk1a) (23) for which the relevant part of the X chromosome is of Mus musculus musculus (PGK) origin and is thus highly polymorphic with respect to the Mus musculus domesticus (C3H/He) derived YAC. An informative polymorphism in the 3′ untranslated region of the Cdx4 gene was identified by sequencing of the alleles derived from the C3H/He and 129.Pgk1a strains. Adult liver RNA from transgenic and control animals was examined for Cdx4 expression by SSCP analysis of the cDNA product (see Fig. 5 ). Expression of the transgenic Cdx4 cDNA allele was detected together with the endogenous allele in the liver of line 53 animals. The absence of transgene expression in brain, a tissue in which Cdx4 is not normally expressed (data not shown), demonstrated the specificity of the transgene expression.
In the case of Bpx, a M.musculus domesticus/M.musculus musculus sequence polymorphism in the 3′UTR of the gene (22) permitted RT-SSCP analysis of transgene expression. As in the case of Cdx4, Bpx transgene expression was detected in the appropriate tissue (brain) of line 53 animals ( Fig. 5) but not in tissues, such as liver and testis, where Bpx is not normally expressed.
Both Cdx4 and Bpx are thus correctly expressed from the YAC transgene in line 53. As these genes are subject to X-inactivation on the X chromosome, their active status as transgenes in line 53 suggests that the YAC PA-2 transgenic region is not undergoing inactivation in these animals.
LacZ expression during embryogenesis in transgenic line 53
To investigate whether YAC PA-2 could inactivate a linked LacZ reporter gene, driven by a cytomegalovirus (CMV) promoter/enhancer, at the appropriate developmental stages and in the tissues in which X-inactivation is normally first seen, embryos derived from transgenic males of line 53, which carries the intact YAC, were analysed for β-galactosidase activity. In parallel, embryos derived from transgenic line 41, which carries LacZ but lacks most YAC PA-2 markers, as well as from another line carrying LacZ on an autosome-derived YAC (C.K, unpublished data), were analysed. In pre-implantation embryos (2-cell stage up to late blastocysts), no sign of LacZ gene silencing specific to the trophectoderm of late blastocysts, which is one of the first tissues in which an inactive X chromosome has been noted (28, 29) , could be detected for any of the transgenic mice including line 53 (Fig. 6) . Furthermore, no differences in LacZ activity were found between the three transgenic lines at any of the post-implantation stages analysed (9.5-13.5 d.p.c, data not shown). The pattern of decreasing β-galactosidase activity seen during pre-implantation stages and the highly tissue-specific post-implantation β-galactosidase pattern observed for all three transgenic lines resembles that previously described for other CMV-controlled LacZ transgenes (30). 
a b
The absence of any obvious decrease in β-galactosidase activity specific to line 53 thus suggests that YAC PA-2 sequences exert no particular control on expression of the LacZ marker gene.
DISCUSSION
The aim of this study was to test whether part of the Xic candidate region including the Xist gene, while maintained as far as possible in its natural configuration in the form of a YAC transgene, is capable of undergoing inactivation at a non-X chromosomal location. We have studied a number of male and female mice carrying all or part of a 460 kb Xist-containing YAC for signs of inactivation within their transgenic sequences. None of these animals showed any evidence for YAC-induced inactivation, either in terms of Xist expression or in the silencing of other genes carried by the YAC.
Since it could be argued that in animals carrying only a single copy of the YAC transgene, the 'trans-sensing' that may be required between two Xics in identical chromosomal configurations in order for X-inactivation to be initiated (31) may not have been reconstituted, we examined homozygous animals for two of the transgenic lines (53 and 80). No evidence for X-inactivation at the level of Xist expression was found in the homozygotes examined. 
a b
One possibility that must be considered is that embryonic lethality, associated with the insertion of the YAC transgene into an autosome, might lead to the loss of those animals in which the YAC was capable of undergoing inactivation. It is known for instance that in X-autosome translocations, where the X chromosome segment carries an Xic, X-inactivation can spread into neighbouring autosomal sequences to limited but variable extents, resulting in partial monosomy and possible haploinsufficiency for affected autosomal genes (32) . We have no evidence for such an effect. The efficiency of transgenesis we observed was very similar to that obtained by others using pronuclear microinjection of YACs (33, 34) . The degree of fragmentation obtained was also comparable, despite the fact that our YAC was actually larger and therefore more susceptible to shearing (35) . Furthermore, in addition to transgenic line 53 which contains the complete 460 kb YAC, animals containing incomplete segments of the YAC did not show any obvious systematic pattern of retention of DNA fragments, implying that there was no selection against the part of the YAC carrying Xist during embryogenesis (at least five of the nine founder animals generated carried Xist). Thus, whether inactivation was occurring or not, we observed no clear lethal effect due to the YAC's presence. In this context, it is worth noting that a recent analysis of a variety of radiation-induced autosomal deletions spanning several centimorgans indicated that up to 8% of the mouse genome can be viably deleted (36) .
The finding that Xist is not expressed in any of the four animals carrying this part of the YAC that could be tested, suggests that the transgenic sequences are not in an 'inactive X chromosome' state. In line 53, where the YAC transgene appears to be intact, the observation that the Cdx4 and Bpx transgenes are expressed as they would be from an active X chromosome, supports the idea that the transcriptional silence of Xist is probably a reflection of the 'active X' status of the transgenic sequences. Although the presence of a duplication including Bpx and LacZ in line 53 meant that we could not distinguish whether one or both copies of these genes is expressed, the correct expression of the Cdx4 gene from the intact copy of the YAC and the physical continuity between this and the duplicated fragment make it unlikely that the transcriptional status of the duplicated genes would differ greatly. The correct, fully methylated status of a number of rare cutter sites in the YAC PA-2 sequences of lines 53 and 80 suggests that methylation patterns are being appropriately established for these transgenic sequences at their new chromosomal locations. Indeed, methylation studies on the 5′ region of Xist (26, 27) and the DXPas34 locus (23) (E.H., unpublished observations), whose profiles have previously been investigated with respect to X-inactivation, suggest that in the line 53 and 80 transgenes their methylation is in keeping with an 'active X status'. Expression of the LacZ reporter gene in pre-and post-implantation embryos of line 53 also implies a lack of inactivation due to the YAC. Although we cannot exclude the possibility that the β-galactosidase activity observed reflects an escape from inactivation of the CMV promoter/enhancer-driven LacZ gene, this seems unlikely, given the expression profiles of the other three genes tested in this line. It is worth mentioning in this regard that X-linked transgenes of bacterial origin (29) and driven by non-eukaryotic promoters (37) have previously been shown to undergo X-inactivation. In summary, the tissue-specific expression of the Cdx4 and Bpx genes, the methylation pattern of the transgenic region and the expression of the LacZ reporter gene during embryogenesis in line 53, suggest that Xist's transcriptional silence is not a consequence of the suppression of the entire transgenic domain as a result of some kind of position effect.
Matsuura et al. (50) have found a similar absence of Xist expression in a transgenic line where a Xist-containing YAC was present on an autosome. Their finding of some Xist expression in another transgenic line where multiple copies of a deleted form of this YAC are present on the heterochromatic long arm of the Y chromosome, raises the possibility, that surrounding heterochromatic sequences may favour Xist expression even in the absence of specific control elements.
In conclusion, of four transgenic lines carrying Xist, none showed expression of their transgenic copy. In one case (line 80) Xist was present in the context of 180-290 kb of surrounding sequence and in another (line 53) the entire 460 kb YAC was present and clearly not being subjected to transcriptional suppression. Thus, although the 310 kb region lying 3′ to Xist and containing the Cdx4 and Bpx genes is intact and includes the necessary regulatory elements to ensure their tissue-specific expression, this 3′ region and the 130 kb region lying 5′ to Xist appear to be insufficient for Xist expression and X-inactivation. Recent data from Penny et al. (17) have demonstrated that the Xist gene is necessary in cis for X-inactivation to occur but has left open the question of whether it is sufficient for the initiation of X-inactivation. We suggest that the 460 kb YAC PA-2 region contains only some but not all of the sequences representing Xic and that key elements must be lacking. Such elements may include the Xce locus, which has been shown to be genetically separable from Xist and may well lie outside the YAC PA-2 region (24). Indeed, Penny et al. (17) suggest that as yet undefined elements lying 5′ or 3′ to Xist and regulating its expression may be essential for the correct initiation of X-inactivation. Our results are also consistent with data concerning inactivation of human tiny ring X chromosomes, which suggest that, even in the presence of XIST, X-inactivation cannot take place when sequences lying several hundred kilobases 5′ to this gene are absent (38) . Such data support the idea that the Xic might consist of several genetic loci spanning a much larger chromosomal region than that tested in this study. We are currently introducing YACs spanning a greater part of the candidate region for Xic into animals via an ES cell approach, with the hope that all of the necessary elements will be present together and in the appropriate configuration to permit the initiation of X-inactivation.
MATERIALS AND METHODS
YAC manipulation
The left arm of YAC PA-2 was retrofitted by homologous recombination in yeast using standard techniques (39) . The retrofitting plasmid, pLβgalA contains a yeast LYS2 gene inserted into pCMVβ (Clontech). The pLβgalA plasmid was targeted to the TRP1 left arm of the YAC by digestion with ScaI, which linearizes the plasmid within the amp r gene, and introduced into YAC PA-2 containing AB1380 cells by spheroplast transformation.
Production of transgenic mice and mouse crosses
Purification of YAC DNA was carried out essentially as described (33) and injected at ∼2 ng/µl into fertilized B6/SJL oocytes using standard methods (40) . The integrity of the YAC DNA was tested by PFGE prior to injection. Transgenic founder animals were crossed with B6/SJL or SJL mice. F1 animals were subsequently crossed either with SJL mice or with the congenic 129.Pgk1a strain (23) in which part of the X chromosome linked to Pgk1a is derived from the M.musculus musculus PGK strain (41) . Mice were raised in the animal house facilities of the Pasteur Institute.
PCR and Southern blot analysis
PCR analysis of tail DNA was carried out as previously described for microsatellites DXPas28, DXPas29 and DXPas31 (24) LacZ (42) and URA3 (35) . Southern analysis of EcoRI-digested tail or spleen DNA was carried out using standard procedures with nylon membrane (Hybond N+, Amersham) and hybridisations were performed as outlined (23) using [α-32 P]dCTP-labelled probes (Megaprime kit, Amersham). PFGE was performed on mouse spleen cell DNA as described (25) .
The probes used included the following (see Figs 1 and 3) : YAC right arm, a 3 kb EcoRI-HindIII fragment derived from pYAC 4 (43) spanning the URA3 gene; YAC left arm, a 0.7 kb EcoRI-PstI fragment (Amp R ) derived from pBR322 and a 3.7 kb NotI fragment (LacZ) derived from pCMVβ (Clontech); an anonymous genomic probe derived from the λIVC5 subclone of YAC PA-2 (44); Xist, a 3′ cDNA probe (9) and various PCR amplification products derived from the Xist sequence (45) such as a 1.1 kb fragment (nt 26-1104); DXPas34 (23), DXPas19 (25) and DXPas27 (25) as described; a 5′ Cdx4 probe (21); Bpx, a cDNA probe (22) .
Fluorescence in situ hybridisation
Metaphases from primary fibroblasts of transgenic mice were hybridised with YAC PA-2 probe labelled with dig-11-dUTP (Boehringer Mannheim) and detected with anti-dig-rhodamine (Boehringer Mannheim) (46) . Each hybridisation was performed with 200 ng of YAC PA-2 and 5 µg of mouse Cot-1 DNA (GIBCO-BRL). Chromosomes were counter-stained with DAPI. Images were collected with a cooled CCD camera (C4880 Hamamatsu) mounted on an epifluorescent microscope (Axiophot Zeiss) and processed using a software program developed by Y. Usson (Grenoble).
RT-PCR and SSCP analysis
First strand cDNA synthesized from 10 µg of total RNA, was prepared as previously described (9) . One fiftieth of the cDNA was used for Xist PCR. Xist/Hprt co-amplification was performed as outlined (15) using Xist primers MIX10/MX20 and Hprt primers HPRTNAF/HPRTNAR. Semiquantitative PCR was performed using 10, 15 and 21 cycles. The resulting PCR products were resolved on 1.5% agarose gels which were blotted and hybridised sequentially with Xist and Hprt probes. PhosphorImager analysis (Molecular Dynamics) was used for quantitation of band intensities.
Primers within exon I of Xist that detect a polymorphism between the C3H/He and SJL strains were used for SSCP analysis (CXU22, TTCTTCTCCTTAGCCCATC and CXL21, CCGTT-GGGCATGGGAAAA). Labelled PCR was performed in a 10 µl reaction containing 1 µl of 10× PCR buffer (Amersham), 100 ng of genomic DNA or 1 µl of cDNA, 0.25 µM primers, 200 µM dNTPs, 0.1 µl of [α-32 P]dCTP (3000 Ci/mmol, 10 mCi/ml, ICN). PCR involved 30 cycles at 94, 58 and 72_C for 1, 1 and 0.5 min respectively. Nine µl of the reaction was mixed with 9 µl of 95% formamide, 20 mM EDTA 0.05% bromophenol blue and 0.05% xylene cyanol, denatured at 95_C for 5 min, cooled on ice and 2 µl loaded onto a 5% acrylamide gel. Electrophoresis was performed at room temperature in 0.5× TBE for 1.5 h at 30 W with a ventilator. Gels were dried and exposed for 1-5 days at -80_C.
Bpx expression was investigated by direct SSCP analysis of brain cDNA exactly as described (22) . As expression levels of the Cdx4 gene are low in adults, a first round of RT-PCR was performed on liver cDNA using primers situated in different exons (Cdx4 1a, AAGTATCGTGTGGTCTACAC and Cdx4 1b, TTCTAAGTTCTATGGCTAGG) (47) and SSCP analysis was then carried out on the agarose gel-purified cDNA product (884 bp) in order to avoid detection of genomic DNA contaminants. Primers within the 3′UTR of Cdx4 that detect a polymorphism between the C3H/He and PGK strains (Cdx4 5a, CACTCTTATTCCATGCTGTC and Cdx4 6b, AAATACAAG-AGCATATGCAC) were used for SSCP analysis of the purified cDNA product. Labelled PCR was performed as for Xist and Bpx, with an annealing temperature of 52_C. Electrophoresis was performed on 5% acrylamide gels containing 5% glycerol, at 4_C in 0.5× TBE for 4 h at 30 W.
X-gal histochemistry of mouse embryos
Isolation of embryos and analysis of β-galactosidase activity following X-gal histochemistry were performed as described (48, 49) .
